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The molecular weight effect of low band-gap conjugated polymer, poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclo- 
penta[2,l-b;3,4-b , ]dithiophene)-alt-4,7-(2,l,3-benzothiadiazole)], PCPDTBT, with an optical energy gap of Eg 
~1.4 eV, on the device stability of quantum dot polymer hybrid solar cells has been studied. The PCPDTBT is 
integrated into hybrid polymer/QDs solar cells, where PCPDTBT acts as electron donor and CdSe QDs as electron 
acceptor. Morphology investigation and results on device performance over time indicate that low molecular 
weight PCPDTBT is preferable to fabricate high efficiency hybrid solar cells with long-term stability. An average 
power conversion efficiency of 2% was measured for PCPDTBT-CdSe QD devices with a molecular weight 
of < 12 kDa. The long-term stability of the photovoltaic performance of the devices was investigated and found 
superior compared to devices with PCPDTBT of higher molecular weight. About 96% of the PCE remained after a 
week of storage of solar cell devices without any further encapsulation in a glove-box. It is assumed that the 
improvement is mainly due to the better distribution of CdSe QDs within the polymer matrix of low molecular 
weight PCPDTBT in hybrid solar cells and an improved preservation of the nanomorphology of the hybrid film 
over time. 


1. Introduction 

The polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,l- 
b;3,4-b , ]dithiophene)-alt-4,7-(2,l,3-benzothiadiazole)] (PCPDTBT) re¬ 
cently developed as a state-of-the-art electron donating organic semi¬ 
conductor for application in organic solar cells (OSCs) and hybrid solar 
cells (HSCs) [1,2]. For instance, when blended with the fullerene de¬ 
rivative of PC71BM in a bulk-heterojunction (BHJ) architecture, power 
conversion efficiencies (PCEs) above 6% have been achieved with open- 
circuit voltages (V 0 c) in the range of 0.9 V [3]. Whereas, in hybrid solar 
cells, recently efficiencies of 4% have been reported when combined 
with CdSe QDs [4]. Although other alternative low bandgap polymers 
have been demonstrated to lead to higher PCEs [5] in recent years, the 
interest in PCPDTBT remains high due to its thermal stability, ease of 
processability as well as commercial availability. Moreover, a deep 
highest occupied molecular orbit (HOMO) level of PCPDPTBT leads to a 
reduced susceptibility to oxidation when compared to polymers Poly 
({4,8-bis[(2-ethylhexyl)oxy]benzo[l,2-b:4,5-b / ] dithiophene-2,6-diyl} 
{3-fluoro-2- [(2-ethylhexyl)carbonyl] thieno [3,4-b] thiophenediyl}) like 
PTB7, which suffer from rapid photo-oxidative damage [6]. Such fea¬ 
tures drove PCPDTBT to become the most reliable polymer for 


photoactive layers in hybrid solar cell applications in recent years. 

The nanoscale morphology of the active layer is a crucial parameter 
for the device performance of hybrid solar cells [7-9]. The main 
parameters that influence the device performance of BHJ hybrid solar 
cells are: (i) the composition of the blended solution, (ii) surface 
modification of nanocrystals (iii) the drying conditions during the for¬ 
mation of the active layer. The importance of the nanomorphology of 
the photoactive film in hybrid solar cells have garnered attention within 
the research community which resulted in a huge number of published 
reviews and reports [2,10-17]. However, it is essential to investigate 
PCPDTBT itself, which plays a fundamental role as it is used as donor 
for hybrid solar cell and also affects the morphology of the photoactive 
layer. The molecular weight of donor polymers have been shown to 
affect the performance of OSCs, particularly for P3HT:PCBM blends. 
Ballantyne et al. [18], have reported that the hole mobility was rela¬ 
tively constant between 13 kDa-18 kDa (1 Da = 1.66 x 10“ 27 kg) and 
then dropped by an order of magnitude as the molecular weight in¬ 
creased. The measured drop in hole mobility was accompanied by a 
change in surface morphology and leads to a decreased fill factor of 
photovoltaic devices. Furthermore, Ma et al. [19] concluded that the 
choice of optimum annealing temperature for P3HT:PCBM blends is 
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Table 1 

Summary of PCPDTBT specifications. 


PCPDTBT 

Moleculer weight 3 (GPC) 

Polydispersity index (PDI) 

Purity 

P12K 

< 12 kDa 

2.4 

99.99% 

P35K 

> 35 kDa 

< 3.0 

99.99% 


a Determined by GPC against polystyrene standards. 


also depended on the molecular weight of the P3HT. These studies in¬ 
dicate the importance of molecular weight on the optimization of OSCs 
efficiency. Many reports have been displayed with varying values for 
optimum molecular weight due to discrepancies behavior; however 
most of them are applied in organic PCBM system, and no investiga¬ 
tions in hybrid system have been reported as far as we know. Therefore, 
the effect of molecular weight (Mw) of conjugated polymer PCPDPDT 
incorporated into hybrid solar is investigated and correlated to device 
performance. 

We studied PCPDTBT: CdSe QDs BHJ blend thin films with two 
different molecular weights of PCPDTBT. PCPDTBT with different 
molecular weight were purchased from 1-Material; and coded as P12K 
and P35K, representing their molecular weight, < 12000 gmol -1 (low 
Mw) and > 35000 gmol -1 (high Mw) respectively. A summary of the 
specifications of the polymers is listed in Table 1. 

The PCPDTBT polymers were blended with CdSe QDs to form 
photoactive layers utilized in hybrid solar cell devices. It was found that 
the molecular weight of PCPDTBT affects the device performance of 
CdSe QDs hybrid solar cell devices. Investigation of the relationship 
between Mw and device performance can help to choose the right 
conjugated polymer material for fabricating efficient HSCs devices. 


2. Experimental 

2.1. CdSe QDs synthesis 

Highly crystalline CdSe QDs with an average diameter of about 
6.5 nm were synthesized by a hot-injection method, according to the 
procedure reported in Ref [20,21]. Before being incorporated into 
polymer, CdSe QDs were washed by a post-synthetic hexanoic acid 
treatment. The detailed washing procedure has been reported in Ref 
[15]. Afterwards CdSe QDs were dissolved in chlorobenzene (CB) es¬ 
tablishing a concentration of 20 mg/mL. 

2.2. Polymer-CdSe QDs hybrid material formation 

A photoactive ink was formed by mixing CdSe QDs solution with the 
PCPDTBT polymer solution. PCPDTBT polymer with two different 
molecular weights, 12 kDa and 35 kDa, were purchased from 1- 
Material and dissolved in chlorobenzene to reach as well a concentra¬ 
tion of 20 mg/mL. CdSe QDs solution was mixed with PCPDTBT solu¬ 
tion with 86:14 wt ratio. 

2.3. Solar cell device fabrication 

The devices were fabricated on a structured <10 Qsq ITO substrate 
from Prazisions Glas & Optik GmbH. After 5 min treatment with oxygen 
plasma, PEDOT:PSS from Baytron AI4083 HC Starck was spin coated on 
top, resulting into a ~ 70 nm thick hole transport layer. Afterwards, the 
photoactive ink was spin coated using a WS400-6NPP-Lite spin coater 
from Laurell Technologies at 1100 rpm for 30 s, followed by a 1 min 


a) 


P12K P35K 



Fig. 1. Optical characteristics of P12K and P35K: (a) photograph of 
thin films spin coated on ITO covered glass, (b) absorption spectra of 
PCODTBT films on ITO-covered glass. 
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drying step at 3000 rpm, resulting in an active layer thickness of about 
80 nm. In order to establish electrical contacts, an aluminum cathode 
layer was deposited by thermal evaporation. Afterwards, the devices 
were annealed at 145 °C for 5 min and stored in a glove box under 
nitrogen atmosphere without any further encapsulation. 

2.4. Characterization techniques 

Optical microscopy images were taken with a Leica 6000 DM mi¬ 
croscope. UV-vis absorption measurement were performed by using a 
TIDAS 100 J&M diode-array spectrometer (Spectralytics, Aalen, 
Germany). Current density versus voltage (J-V) characteristics were 
taken by a Keithley 2400 source meter under 100 mW/cm 2 illumination 
of a AM1.5G xenon light source sun simulator (LOT-Oriel LSH102). 

3. Results and discussion 

Fig. 1 shows the optical properties of PCPDTBT films spin coated on 
ITO covered glass. The P12K solution appeared more blue compared to 
that P35K. The different color was more obvious after spin coating 
polymer films onto ITO substrates as shown in Fig. la. It was reported 
that the electrochemical band gap energy of PCPDTBT based on cyclic 
voltammetry measurements is estimated to be about 1.73 eV, and is 
slightly dependent on the polymer molecular weight [22] . In this work, 
the optical band gap energies were estimated from the onset of the 
absorption signal of the UV-vis spectra shown in Fig. 1, and were found 
to be about 1.48 eV and 1.43 eV for P12K and P35K respectively, which 
is consistent with results from literature [1,23-26]. Such a low band 
gap facilitates wide absorption into the visible wavelength range, which 
is preferred for solar cell applications in order to achieve high power 
conversion efficiencies [27,28]. The blue-shift which has been found in 
P12K suggests that it has lower crystallinity compared to that of higher- 
Mw P15K samples. A similar behavior also has been reported for thin 
films of P3HT [29], F8TBT [30] and MEH-PPV [31]. 

Initial experiments were performed to assess the influence of the 
molecular weight of the polymer on the HSCs device performance. 
Photovoltaic devices were prepared based on the design shown in 
Fig. 2a. The HOMO and LUMO level of PCPDTBT of -5.3eV and 



Fig. 2. (a) Schematic structure of a typical fabricated solar cell device, (b) chemical 
structure (left) and energy level diagram of PCPDTBT in comparison with CdSe QDs 
(middle), as well as a TEM image of CdSe QDs (right). 


- 3.5 eV respectively were adopted from literature [1]. The valence and 
conduction band edges of CdSe are expected at about -5.59eV and 
-3.62 eV respectively and referred to data for similarly-sized of CdSe 

[32]. 

It is known that molecular weight can affect the physical char¬ 
acteristics of polymers [33-35]. High moleculer weight of polymer re¬ 
sults generally in higher viscosity and poor processing ability [36,37]. 
In addition, it has been reported that polymer dissolution decreases 
with increased polymer molecular weight [38] . In order to investigate 
the influence of the molecular weight effect and the film annealing 
treatment on the morphology of the photoactive layer, images of pho¬ 
toactive layers before aluminum deposition were taken by optical mi¬ 
croscopy as shown in Fig. 3. It can be observed from Fig. 3a and c that 
the initial morphology of P35K based active layer shows the appearance 
of many big black particles of probably undissolved polymer whereas 
P12K showed only a few aggregates with relatively small sizes. This 
shows that the two polymers have different solubility in chlorobenzene. 
Interestingly, after thermal annealing at 150 °C for 5 min, morphologies 
exhibited some changes. The number of aggregates which were found 
in P12K based device have been significantly decreased. A similar be¬ 
havior was found for P35K based films, where the bigger aggregates 
have been minimized significantly too. The heat treatment during 
thermal annealing obviously helps the polymer to disperse. 

Fig. 4 presents the absorption spectra of the optical absorption of 
spin-coated films of hexanoic acid treated-CdSe QDs/PCPDTBT 
(86:14 wt.%) with two different Mw for the polymer. The films were 
casted from chlorobenzene solutions onto PEDOT:PSS coated ITO, be¬ 
fore and after thermal annealing for 5 min at 150 °C. The absorption 
maximum of the film casted from P12K solution is observed at a wa¬ 
velength of 730 nm. A maximum at 768 nm is observed when the film is 
casted from P35K solution. The absorption band edge of the films casted 
from P12K and P35K solutions are observed at 853 and 871 nm, re¬ 
spectively. Contrary to the behavior of P3HT:PCBM which shows a 
redshift after annealing [39-45], the maximum absorption peak and 
absorption band edge were blue-shifted by ~10 and ~15nm respec¬ 
tively after annealing. We suspect that the high percentage of three- 
dimensional CdSe nanostructures (86 wt.%) loaded in the blend film 
decreased the ordered internal structure of the PCPDTBT polymer 
chains. The peak at 635 nm in both spectra is caused by CdSe QDs. The 
inset of Fig. 4 displays a higher magnification of the respective CdSe QD 
absorption signals for both QD-polymer hybrid films. After comparing 
the ratios of the absorption maxima between the main peak (deriving 
from the polymer part) and the “CdSe QD” peak one can conclude an 
overall higher QD content for the P12K based hybrid film in comparison 
to the P35K based hybrid film. 

The results displayed in Fig. 5 and summarized in Table 2 show the 
PCE values of differently composed hybrid solar cells directly after 
preparation, after annealing at 150 °C for 10 min and after one-week 
storage under nitrogen atmosphere. The low Mw P12K based devices 
exhibited an initial PCE values of 1.07 ± 0.27%, whereas an initial 
PCE of about 0.82 ± 0.06% was reached for P35K devices before an¬ 
nealing. After annealing treatment, both device types showed an in¬ 
crease in PCEs values, as a result of higher Jsc. P12K based devices 
exhibited an average PCE after annealing of about 1.94 ± 0.01%, 
whereas P35K based devices showed a PCE of 1.39 ± 0.13%. In other 
words, a PCE increase of 45% and 41% were achieved by annealing 
treatment in P12K and P35K respectively. Interestingly, after one-week 
storage under nitrogen atmosphere, the P12K based devices showed a 
remarkable stability in device performance. The PCE after one-week 
storage was found to be 1.86 ± 0.25% for P12K however, P35K based 
devices showed a significant drop in PCE down to 1.14 ± 0.23%. 
Simply, a decrease in PCE of 18% was recorded for high Mw P35K 
based devices, while low Mw P12K based devices showed only losses of 
4%. 

The values of R s h and R s can also be used to evaluate the device 
performance. It was reported that decreasing R sh is usually 
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Fig. 3. Evolution of Morphology during annealing. 
P12K before (a) and after annealing treatment (b); 
P32K before (c) and after annealing treatment(d). 
Polymer was dispersed in chlorobenzene at 20 mg/ 
mL The red-box shows the area of morphology 
changes due to annealing. 



Fig. 4. Absorption spectra of PCPDTBT:CdSe QDs photoactive layer (14:86 wt.%) using 
P12K and P35K before and after thermal annealing at 150 °C for 5 min. Inset: stronger 
absorption signal of CdSe QDs appears in P12K. The strong narrow peak at about 660 nm 
is a peak from the spectrometer lamp. 

accompanied by an increasing R s and vice versa [46-49]. Ideally, R s 
should be the lower the better, and R sh the higher the better. A high R s 
reduces also J sc ; a low R sh leaks off some current, leading to a loss in 
PCE. Contact resistance and charge recombination at the interface are 
two major reasons that lead to the increase of R s and decrease of R S h 
respectively [50]. Many reports have concluded that the increase in 
active layer mobilities are correlated with lower R s values and, ulti¬ 
mately, higher cell efficiencies [51,52]. R s is often the dominant para¬ 
meter determining the fill factor (by altering the slope of the current 
density-voltage (J-V) curve near the Vqc) and is therefore of key im¬ 
portance for high-efficiency solar cells [53]. It can be observed in Fig. 6 
that the initial values of the R S h and R s are fairly similar for both solar 
cell types. The effect of high R sh values of both devices are resulting in 
high FF values, of 0.66 and 0.68 for P12K and P35K respectively. 
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Fig. 5. Current density-voltage (J-V) characteristic of devices fabricated from two types 
of PCPDTB; high molecular weight (P35K) and low molecular weight (P12K), directly 
after device preparation, after annealing and after one-week storage under nitrogen at¬ 
mosphere. 


However, slightly lower R s in P12K has contributed to the higher short- 
circuit current. The lower performance of P35K based devices can be 
attributed to inherent properties of higher Mw polymer. Increasing Mw 
which is accompanied by an increase in the chain entanglements, will 
lead to higher viscosity [36,37]. Consequently, this will retard the CdSe 
QDs distribution in the hybrid system which can be seen by the lower 
signal absorption of CdSe ODs displayed in inset of Fig. 4. Furthermore, 
microscopy images of P12K based films has displayed better initial 
morphology compared to P35K based films (see Fig. 3a and c). It has 
been know that the tendency of a conjugated polymer material to ag¬ 
gregate is a key factor in controlling both the charge carrier mobility as 
well as the ability of excited states to dissociate when being in contact 
with an electron-accepting material [54]. Inhomogeneous distribution 
of CdSe QDs in the PCPDTBT matrix promotes insufficient charge se¬ 
paration and electron transport; thus reducing Jsc, FF, and the overall 
device efficiency. The better performance shown for low Mw PCPDTBT 
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Table 2 

Summary of devices performance of both categories of solar cell devices by P12K and P35K PCPDTBT as polymer. For each polymer three different solar cells were measured. 


PCPDTBT 

Voc [V] 

Jsc[mA/cm2] 

FF 

PCE [%] 

Rsh [Q.cm 2 ] 

Rs [Q.cm 2 ] 

Decrease in PCE [%] 

P12 K (fresh) 

0.55 ± 0.02 

3.70 ± 0.74 

0.66 ± 0.02 

1.07 ± 0.27 

593 

15.1 


P12 K (annealed) 

0.57 ± 0.01 

6.66 ± 0.16 

0.56 ± 0.00 

1.94 ± 0.01 

625 

13.1 

3.89 

P12 K (1-week) 

0.65 ± 0.01 

6.77 ± 0.59 

0.42 ± 0.01 

1.86 ± 0.25 

592 

23.4 


P35 K (fresh) 

0.51 ± 0.01 

3.09 ± 0.22 

0.68 ± 0.01 

0.82 ± 0.06 

579 

16.0 


P35 K (annealed) 

0.51 ± 0.01 

5.16 ± 0.04 

0.61 ± 0.01 

1.39 ± 0.13 

600 

15.6 

17.98 

P35K(l-week) 

0.50 ± 0.08 

5.73 ± 1.22 

0.35 ± 0.02 

1.14 ± 0.23 

336 

34.7 



HI Fresh Annealed | ~| 1 -week| 



R s [n.cm 2 ] 


P35K 


P12K 



R h [ti.cm 2 ] 


Fig. 6. Summary of absolute values of spe¬ 
cific shunt resistances (R sh ) (left) and spe¬ 
cific series resistances (R s ) (right) for CdSe 
QD/PCPDTBT hybrid solar cells with two 
different molecular weights, P12K and P15K 
for PCPDTBT respectively. 


in such polymer/CdSe QDs hybrid solar cells is also in agreement with 
other results which reported that the low Mw polymer has strong im¬ 
pact on the improvement of the nanoscale phase separation [25,55,56]. 

The initial morphology of spin-coated films is the result of a kine- 
tically frozen phase separation or crystallization and far from a mor¬ 
phology at thermodynamically equilibrium [57-60] . Therefore, there is 
likely a strong thermodynamic driving force for the samples to re¬ 
organize toward the equilibrium state, which can be accelerated during 
annealing [61]. After annealing treatment, both types of devices 
showed a decrease in R s . P12K based devices were found to have lower 
values for R s which is resulting in higher values of Jsc compared to 
P35K, and therefore leads to the higher PCE. The increasing PCE values 
strongly indicate that annealing treatment which is accompanied by 
morphology changes (see Fig. 3b and d) could improve hybrid solar 
cells performance. Firstly, annealing facilitates CdSe QDs to distribute 
into the polymer matrix resulting into better interfacial donor acceptor 
contacts and improving the contact with the A1 electrode [2,57,62]. 
Secondly, it allows the removal of CdSe QDs ligands, which leads to a 
decrease of distances between nanoparticles and, in turn increases the 
CdSe QDs packing densities, thereby improving the electrical con¬ 
ductivity within the active layer [63,64]. 

After one-week storage under nitrogen atmosphere without any 
further encapsulation, low Mw P12K based solar cell devices showed a 
better preservation of device performance compared to that P35K. 
Compared to that annealed values, the increasing R s and decreasing R sh 
after one-week of storage for P35K devices are striking. A decrease in 
R sh of about 44% has been obtained for P35K devices whereas for P12K 
devices only showed a decrease of about 5.3%. P35K devices displayed 
a 2.2-fold increase in R s while P12K devices showed a 1.8-fold increase 
in R s . We propose that annealing treatment of low Mw PCPDTBT fa¬ 
cilitates the polymer chains to arrange into thermodynamically more 
stable film structures due to a better distribution of CdSe QDs within the 
photoactive layer blend, which leads to a general morphology stabili¬ 
zation. Thus would allow the optimized photoactive layer morphology 
to be “locked” and would decrease the tendency of the blend to phase 
segregate over time [65-67]. Further experiments are needed to 
monitor hybrid film morphology changes over time proving this 


assumption, which are planned to be performed in near future. This 
results are important for making high efficiency hybrid solar cells with 
long-term stability. Recent developments revealed that blend optimi¬ 
zation, QD surface modification, and incorporation of nanocarbon 
structures into PCPDTBT/CdSe QDs active layer, have boosted the ef¬ 
ficiencies above 4% accompanied with an increase of device stability 
over time which are important issues for further device developments 
needed to reach a potential commercialization [4] . 

4. Summary and conclusion 

In conclusion, high efficient, stable, BHJ hybrid solar cells fabri¬ 
cated with two different molecular weight PCPDTBT, which act as the 
electron donor, have been demonstrated. The best performance was 
obtained with low molecular weight of PCPDTBT/CdSe QDs, where 
power conversion efficiencies of approximately 2% are demonstrated. 
The short annealing treatment affected the morphology and has been 
found to improve the device performance. Moreover, about 96% of the 
original PCE remained after storage under nitrogen protection for one- 
week storage in a glove-box without any further encapsulation. The 
stability of hybrid solar cells can be correlated to an optimized donor- 
acceptor nanomorphology, leading to inhibit the degradation process 
within the photoactive layer. Our results indicate that the use of low 
molecular weight PCPDTBT polymer is a promising pathway for the 
fabrication of high efficient hybrid solar cells with improved long-term 
stability of device performance. 
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